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Oligomeric stateMonotopic membrane proteins are membrane proteins that interact with only one leaﬂet of the lipid bilayer
and do not possess transmembrane spanning segments. They are endowed with important physiological
functions but until now only few of them have been studied. Here we present a detailed biochemical,
enzymatic and crystallographic characterization of the monotopic membrane protein sulﬁde:quinone
oxidoreductase. Sulﬁde:quinone oxidoreductase is a ubiquitous enzyme involved in sulﬁde detoxiﬁcation, in
sulﬁde-dependent respiration and photosynthesis, and in heavy metal tolerance. It may also play a crucial
role in mammals, including humans, because sulﬁde acts as a neurotransmitter in these organisms. We
isolated and puriﬁed sulﬁde:quinone oxidoreductase from the native membranes of the hyperthermophilic
bacterium Aquifex aeolicus. We studied the pure and solubilized enzyme by denaturing and non-denaturing
polyacrylamide electrophoresis, size-exclusion chromatography, cross-linking, analytical ultracentrifugation,
visible and ultraviolet spectroscopy, mass spectrometry and electron microscopy. Additionally, we report the
characterization of its enzymatic activity before and after crystallization. Finally, we discuss the
crystallization of sulﬁde:quinone oxidoreductase in respect to its membrane topology and we propose a
classiﬁcation of monotopic membrane protein crystal lattices. Our data support and complement an earlier
description of the three-dimensional structure of A. aeolicus sulﬁde:quinone oxidoreductase (M. Marcia,
U. Ermler, G. Peng, H. Michel, Proc Natl Acad Sci USA, 106 (2009) 9625-9630) and may serve as a reference
for further studies on monotopic membrane proteins.peripheral membrane protein;
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Membrane proteins can be classiﬁed into two groups according to
their topology [1,2]. Polytopic membrane proteins (or transmem-
brane proteins, TMPs) are characterized by at least one transmem-brane spanning segment. Instead, peripheral membrane proteins
(PMPs) interact with one membrane leaﬂet only. Among PMPs,
amphitropic proteins (APs) bind to the membrane transiently, upon
activation, and are either soluble or dissociable from the membrane
by mild treatments, i.e. by chaotropic agents [3]. Instead, integral
monotopic membrane proteins (MMPs) bind to the membrane
constitutively and cannot be isolated in a stable water-soluble form
[1]. Therefore, similarly to TMPs, MMPs require detergent for
solubilisation and their production, stabilization, and handling is
challenging. Despite being difﬁcult to characterize, MMPs are very
interesting targets, because they are involved in various physiological
processes [3], including reactions with membrane-embedded sub-
strates, interaction with other membrane components, assembly of
transmembrane complexes, connection between membrane and
cytoskeleton, endocytosis and other processes of membrane remodel-
ling [3,4]. To date, only few MMPs have been structurally character-
ized (http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html;
http://opm.phar.umich.edu [1]).
Sulﬁde:quinone oxidoreductases (SQRs) are MMPs identiﬁed
several decades ago [5] but structurally characterized only recently
[6–8]. They are ubiquitous proteins belonging to the ﬂavoprotein
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water-soluble pyridine nucleotide:disulﬁde oxidoreductases, like
glutathione reductase [9]. However, they are exceptional among
FDRs, because they are membrane bound and because they catalyze
the oxidation of the most reduced sulfur species, sulﬁde, rather than
the reduction of oxidized disulﬁde groups. They produce zero-valent
sulfur in the form of soluble polysulﬁde chains [10] or hydrophobic
cyclooctasulfur rings [7] to be stored in periplasmic or cytoplasmic
sulfur globules [11,12] or to be converted to thiosulfate [13]. SQR
transfers two electron equivalents via FAD to quinones in the
membrane, thereby contributing to sulﬁde detoxiﬁcation, and to
sulﬁde-dependent energy conservation processes in bacteria and
archaea, to heavy metal tolerance in yeast, and possibly to the
homeostasis of the neurotransmitter sulﬁde in mammals, including
humans [14–16].
Recently, we have reported the atomic structure of Aquifex aeolicus
SQR (Aq_2186) determined by X-ray crystallography at 2.0 Å
resolution (PDB id: 3HYV, 3HYW, 3HYX) [7] and we have proposed
a revision of the SQR family classiﬁcation, suggesting to divide it into
six subgroups each characterized by speciﬁc sequence ﬁngerprints
[17]. According to this proposal, Aq_2186 belongs to type I SQRs, a
group of bacterial SQRs occurring in Aquiﬁcales, α and β Proteobacteria
and Firmicutes. In A. aeolicus, it participates in sulﬁde detoxiﬁcation
and sulﬁde-dependent respiration [18]. The structure showed
surprising and unexpected features. The protein is trimeric and not
dimeric as all other known FDRs, it inserts into themembrane through
amphipathic helices and lipid clamps, and its active site is occupied by
a putative polysulfur chain, possibly corresponding to the product of
the reaction [7]. Moreover, it harbours an FAD molecule, which
appears to be covalently bound through an unprecedented persulﬁde
linkage in the crystal structure [7].
Here, we describe in detail the solubilized and puriﬁed form of A.
aeolicus SQR. The protein was characterized by means of electropho-
resis, chromatography, cross-linking, analytical ultracentrifugation
(AUC), electron microscopy (EM), mass spectrometry (MS), and
ultraviolet-visible (UV-VIS) spectroscopy. Additionally, we also show
that the enzyme is active in its puriﬁed form, as well as in the form of
redissolved crystals. Finally, we discuss to what extent the mem-
brane-binding topology of SQR inﬂuences its biochemical and
crystallization properties and we propose a classiﬁcation for mono-
topic membrane protein crystal lattices.
2. Material and methods
2.1. Puriﬁcation
Aquifex aeolicus cells were obtained from the Archaeenzentrum
Regensburg, Germany. The protein was puriﬁed as described
previously [7,19]. Brieﬂy, SQR can be extracted from A. aeolicus
membranes with 3 % (w/v) dodecyl-β-D-maltoside (DDM) in 50 mM
Tris-HCl pH 7.4 at 50 °C for 1 h. After membrane solubilisation, SQR
can be puriﬁed in four chromatographic steps, including a detergent
exchange to Zwittergent 3-10. The puriﬁed protein is stable and
monodisperse in DDM at 4 °C for weeks, either in the absence of salt or
in the presence of N 1 M NaCl.
2.2. Electrophoresis
Denaturing gel electrophoresis was performed according to
protocols modiﬁed from Laemmli [20]. In gel detection of FAD was
performed by UV excitation [21] in a gel-imaging station (Bio-Rad)
before staining.
For non-denaturing electrophoresis, self-cast Tris/glycine gels (3 %
stacking gel and 8 % separating gel) were used in a homemade gel
chamber in the presence of a Tris/glycine native running buffer. The
gels and the running buffer were supplemented with DDM only(DDM-CN-PAGE or low resolution CN-PAGE) or with DDM and DOC
(DOC-CN-PAGE or high resolution CN-PAGE) [22] or did not contain
any detergent (CN-PAGE). Blue Native PAGE (BN-PAGE) was done by
adding Coomassie blue to the running buffer only on the cathode side
[23,24].
2.3. Size exclusion chromatography
For preparative purposes, the TSK-GEL G4000SW column (TOSOH
Bioscience) was used either on an Äkta puriﬁer 10 or Äkta puriﬁer 100
(GE Healthcare). For analytical purposes, the Superdex 200 PC 3.2/30
column was used on a SMART system (Pharmacia). Before the runs
equilibration was performed with 3 column volumes of the running
buffer containing detergent. The columns were calibrated using the
low and high molecular weight standards from the Gel Filtration
Calibration Kit (GE Healthcare) in the corresponding running buffer, if
not otherwise indicated in the text.
2.4. Crosslinking
Puriﬁed SQR at a concentration of 0.1 mg/mL was incubated at
room temperature for 1 h with 5 mM glutaraldehyde in a buffer
containing 10 mM HEPES, pH 8.2 and DDM 0.05 %. After this time, the
reaction was quenched with Tris-HCl 100 mM, pH 7.4 and the protein
sample was analyzed by SDS-PAGE [25].
2.5. Peptide Mass Fingerprinting
PMF-MS were performed by easy-nLC-ESI-q-TOF tandem MS. The
protein samples were prepared from SDS-PAGE gels run in the
presence or in the absence of reducing agent or directly on the protein
solution. Excised gel bands containing the target proteins were
proteolysed with the ProteoExtract All-in-one Trypsin Digestion kit
(CalBiochem). A detailed protocol is reported in the Supporting
Information Methods ﬁle.
2.6. Full length easy-nLC-ESI-q-TOF mass spectrometry
The protein were loaded on a Sorbax SB-C8 high resolution
cartridge (2.1×30 mm, 3.5 μm) in an Agilent 1200 HPLC system. The
samples were eluted using a water/acetonitrile gradient, ionised
using a ESI-Sprayer emitter in an ESI-Source (Bruker) and analysed in
a maXis q-TOF mass spectrometer (Bruker). The ion optics were
trimmed for detection of large proteins. Spectra in the eluting peaks
were analysed using the DataAnalysis 4.0 software (Bruker). The
spectra were binned and deconvoluted using the Maximum Entropy
Algorithm (Bruker).
2.7. UV-Visible and ﬂuorescence spectroscopy
Quantiﬁcation of the FAD cofactor in the pure protein preparation
was done using an extinction coefﬁcient of 10.8 cm-1 mM-1 [26] for the
air-oxidisedminus dithionite-reduced difference spectrummeasured at
456 nm in a dual-wavelength spectrophotometer (Perkin Elmer).
Fluorescence emission spectra were measured in a ﬂuorescence
spectrophotometer (F-4500, Hitachi) exciting the sample at a
wavelength of 365 nm and recording the emission at 480 – 600 nm.
The samples were measured in quartz cuvettes (Hellma) suitable for
ﬂuorescence data acquisition and adapted with a self-made holder to
minimize sample volume to 200 μL.
2.8. Activity assay
The enzymatic activity of the protein was assayed according to Nübel
and coworkers [18], using a diode array UV/Vis spectrophotometer
(Agilent) and measuring the time course of the 285 nm minus 300 nm
Table 1
Activity of SQR at each puriﬁcation step and enrichment of the enzyme.
Preparation Protein
amount
(mg)
Speciﬁc activity
(μmol/mg/s)a
Total enzymatic units
(μmol/s)a
Yield
(%)
Membranes 92 0.147 13.54 100
Solubilized membranes 140 0.092 12.90 95
MonoQ 22 0.402 8.840 65
TSK1 10 0.782 8.267 58
Detergent exchange 4 1.367 5.467 40
TSK2 3 1.460 4.380 32
a The unit indicates micromole of decylubiquinone reduced per milligram of protein
per second.
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nitrogen saturated) contained 50 mM Tris-HCl, pH 7.4, 20 mM glucose, 1
unit of glucose oxidase (type II from Aspergillus niger, Sigma-Aldrich) and
10 units of catalase (from bovine liver, Sigma-Aldrich). Semi-anaerobic
cells (1 cm light path)madeofQuarz-Suprasil and sealedwith a silicon lid
(Hellma)were used. Commercial stocks of all quinone analogues (Sigma-
Aldrich) were dissolved in 100 % ethanol and 2 mM aliquots were stored
at -20 °C in light-protected Eppendorf cups. The quinones were added to
the reaction at a ﬁnal concentration of 20 μM. The reactionwas started by
the addition of Na2S to a ﬁnal concentration of 100 μM. Stocks of Na2S
were prepared freshly in degassed Tris-HCl 1 M pH 8.0.
2.9. Analytical ultracentrifugation
The apparent molecular weight of the SQR complex was estimated
by sedimentation velocity and sedimentation equilibrium analytical
ultracentrifugation in an Optima XL-A centrifuge (Beckman Coulter).
The data were collected at a wavelength of 280 nm. Sedimentation
velocity experiments were performed with 300 μL samples in Tris-
HCl, pH 7.4, 20 mM, 0.05 % DDM at protein concentrations of 0.5 –
1 mg/mL (OD280 nm=0.2 – 0.4). Absorbance data were acquired at
rotor speeds of 30,000 – 40,000 rpm and at a temperature of 20 °C.
The buffer density, buffer viscosity and the protein partial speciﬁc
volumes were calculated using the software SEDNTERP, kindly
provided by Dr. J. Philo (www.rasmb.org). Sedimentation velocity
data were analyzed using the c(s) continuous distribution of Lamm
equation solutions with the software SEDFIT [27]. Density-matched
sedimentation equilibrium experiments were done at 4 °C at rotor
speeds of 10,000, 15,000 and 20,000 rpm at a protein optical density
(OD280 nm) of about 0.2 units in buffer 1 (Tris-HCl 20 mM, pH 7.4,
DDM 0.05 % w/V, sucrose 27.6 % w/V, D2O 95 % V/V), buffer 2 (Tris-
HCl 20 mM, pH 7.4, C12E9 0.01 % w/V, sucrose 6.4 % w/V) and buffer 3
(Tris-HCl 20 mM, pH 7.4, C12E9 0.01 % w/V, D2O 46 % V/V),
respectively. Global non-linear regression of the experimental
absorbance proﬁles was performed using the software SEDPHAT
(www.analyticalultracentrifugation.com). The partial speciﬁc volume
of the protein was calculated from the protein sequence and corrected
for each buffer condition according to previous reports [28]. The
protein retained full activity in the buffers used for the analytical
ultracentrifugation experiments.
2.10. Single-particle electron microscopy
3 μL of pure sample at a concentration of approximately
0.04 mg/mLwere applied to a glow-discharged carbon-coated copper
electron-microscope grid (400 mesh size). After adsorption for 1
minute, the specimen was stained by repetitive addition of 1 % (w/v)
uranyl acetate followed by rapid drying [29]. Images were collected
under low dose conditions onto Kodak SO-163 ﬁlm using a Philips
CM120 microscope operating at 120 kV with a calibrated magniﬁca-
tion of 58000x. After development for 12 minutes in full-strength D19
developer, the ﬁlms were digitised on a Zeiss SCAI ﬂat bed scanner
(Zeiss, Göttingen, Germany). Images were then converted into SPIDER
format [30] and binned to a ﬁnal pixel size of 0.36 nm on the sample
scale. Well separated and stained single particles (462 particles) were
manually selected inWEB [30] andwindowed. To avoid reference bias,
the single-particle images were ﬁrst aligned using reference-free
alignment [31] and then by 3 further rounds of translational and
rotational alignment. Variability in the images was analysed using a
Kehonen self-organising map within the package Xmipp [32]. Data
were distributed on 7×7 grid with hexagonal topology.
2.11. Crystallization and characterization of the crystals
SQR was crystallized as described previously [7]. For activity tests,
10 crystals of about 0.1 mm in all dimensions (hexagonal crystals) orof about 0.3 mm in at least one dimension (needle crystals) were
extracted from the mother liquor, washed three times in cryo-
protecting solution and ﬁnally dissolved in water to be used directly.
3. Results
3.1. Identiﬁcation
SQR activity was detected in membranes of Aquifex aeolicus using a
spectrophotometric activity test (Table 1). The enzyme was identiﬁed
in total solubilized membranes and in chromatographic fractions of
successive puriﬁcation steps by SDS-PAGE in-gel ﬂuorescence and
peptidemass ﬁngerprinting (PMF). SQR forms two gel bands (Fig. 1E),
one migrating at an apparent molecular weight of approximately
35 kDa and the other at 47 kDa, this latter value being in agreement
with the expected molecular weight of the monomer. Both bands
were identiﬁed to be protein Aq_2186 and showed an identical
sequence coverage of 70 % (Supporting information table 5). The
lower band shows a signiﬁcantly higher ﬂuorescence than the upper
one. The sample becomes homogeneous for the electrophoretic run
after extensive boiling (1 h) or addition of urea before gel loading.
Upon such treatment, only the band at 47 kDa is visible, but it has lost
its ﬂuorescence completely (not shown). Such peculiar electropho-
retic behaviour is probably a consequence of the long-time thermal
stability of SQR (see below) and of the fact that the bond between
protein and FAD is a labile persulﬁde [7]. It is conceivable that upon
complete denaturation the protein loses its cofactor – and therefore
its in-gel ﬂuorescence – in the reducing electrophoretic conditions.
3.2. Puriﬁcation
SQRwas puriﬁed in four chromatographic steps involving an anion
exchange chromatography, a gel ﬁltration, a detergent exchange and a
ﬁnal polishing gel ﬁltration run. The puriﬁcation enrichment was
approximately 20 fold with a yield of 32 % (Fig. 1 and Table 1).
The SQR VIS-UV spectrum shows the typical ﬂavin absorption
bands at 356 nm and 456 nm in the air-oxidised sample. The oxidised-
minus-reduced difference spectrum conﬁrms the presence of one FAD
molecule per protein monomer, as identiﬁed in the structure [7]. The
protein also shows the typical FAD ﬂuorescence emission band at
550 nm upon excitation at 365 nm. The intensity of the signal
decreases upon addition of sulﬁde, as had been shown comprehen-
sively in a previous work on R. capsulatus SQR [10] (Fig. 2).
SQR extraction from the membranes, as well as all puriﬁcation,
kinetic and crystallization studies required the use of detergents. In the
absence of detergent micelles, SQR is not stable. A time-course stability
test was performed by storing the sample at 4 °C and testing its
homogeneity by analytical gel ﬁltration. The chromatograms show that
the protein is extremely stable (for months) if solubilized in DDM, but
aggregates in the absence of detergents quickly within 24 h. Similarly,
Fig. 1. Puriﬁcation steps. Panels A – D show the chromatograms of the puriﬁcation steps following the total solubilized membrane fractionation on the anion exchange run described
previously [19]. All chromatograms show the proﬁle of elution monitored at 280 nm (blue), 415 nm (red) and 456 nm (yellow). The gradients used for elution from the anion
exchangers are indicated by the brown lines. % B indicates the percentage of buffer B, containing 1 MNaCl (buffer A contains no salt). The fractions containing SQR pooled at each step
are indicated by the black bars. Panel A is the elution proﬁle of the ﬁrst SEC column (TSK1). Panel B is the elution proﬁle after the detergent shift to Zwittergent 3-10. Panel C is the
elution proﬁle after the detergent shift back to DDM. Panel D is the elution proﬁle of the second SEC column (TSK2). Panels E and F show the same SDS-PAGE gel illuminated under
UV light before staining (F) and stained with Coomassie blue (E). “M” is the SeeBlue® Plus2 Prestained Standard (Invitrogen) and “fM” the BenchMark™ Fluorescence Standard
(Invitrogen). The MW of the standard proteins are indicated on the side in kDa. Lane 1 contains the solubilized membranes of A. aeolicus, lane 2 the fractions pooled from the anion
exchanger column described previously [19], lane 3 the fractions pooled from TSK1 (panel A) and lane 4 those pooled from TSK2 (panel D). SQR forms two bands migrating at
approximately 35 and 47 kDa, as explained in the text. The slight shift in migration for the different SQR samples (particularly evident for lane 4) is not unusual for membrane
proteins, and may be due to delipidation during puriﬁcation or to the inﬂuence of other proteins present in the sample mixtures.
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detergent forms large aggregates, while the same sample in DDM is
monodisperse (Fig. 3). Besides being stable, the protein in DDM is also
fully active and can be crystallized (see below). On the other hand,
detergents of different chemical structure have different effects on SQR.
Zwitterionic long-alkyl-chain detergents (i.e. n-dodecyl-N,N-dimethyl-
3-ammonio-1-propanesulfonate, Zwittergent 3-10, lauryldimethyla-
mine-N-oxide, LDAO, and n-dodecyl-phosphocholine, FOS12) do
guarantee protein stability, but are less favourable for crystallization,
while short-alkyl-chain detergents (i.e. n-octyl-β-D-glucopyranoside,
OG) reduce the protein stability and can only be used as additives in
crystallization (Supporting Information Table 1-4).3.3. Enzymatic activity
The enzymatic activity of puriﬁed SQR was determined via a
spectrophotometric assay [18]. The kinetic constants (KM, vmax) for
the substrates are in line with those determined for the non-
solubilized enzyme in the membranes of A. aeolicus [18] and for the
puriﬁed A. aeolicus SQR heterologously expressed in Escherichia coli
[33]. Both sulﬁde and the quinones have micromolar afﬁnity to the
enzyme. The activity is highest at 80 °C (the highest temperature
tested), close to the optimal bacterial growth conditions. The
activation energy of SQR is about 14 kJ/(K·mol). The stability of the
puriﬁed complex at high temperature is particularly remarkable. The
Fig. 2. Spectroscopic properties of SQR. Absorption is shown on the left y-axis, while
ﬂuorescence intensity is shown on the right axis. Air-oxidized SQR (blue) shows two
characteristic absorption peaks at 365 and 456 nm respectively, which disappear in the
dithionite-reduced (red) form. The ﬂuorescence emission spectra was recorded
between 480 nm and 600 nm (excitation at 365 nm) before (yellow) and after (grey)
addition of Na2S.
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80 °C it retains 50 % activity after one day. Furthermore, SQR
treatment with quinone analogues (e.g. antimycin) shows a concen-
tration-dependent, competitive mechanism of inhibition. Under
aerobic conditions 80 % of the activity is retained. Finally, the ionic
strength –which inﬂuences the shape of the protein signiﬁcantly (see
later) – affects its activity as well. Increasing salt concentrations were
observed to reduce the activity of SQR with respect to an assay
performed in absence of salt. Additionally, different salts show a
different degree of inhibition (Supporting Information Figure 1). The
calculated activity parameters are summarized in Table 2. Finally, an
activity assay performed using dissolved crystals shows that both
crystal forms retain similar enzymatic rates (± 20 %) as the puriﬁed
protein solution.Fig. 3. Stability of SQR in the presence and absence of detergent. A) Analytical size-
exclusion chromatograms show that SQR is homogeneous in the presence of DDM
(dark blue line), while it forms larger aggregates in the absence of detergent after 1 day
at 4 °C (light blue line). The x-axis reports the elution volume (V) in mL. The y-axis
reports the absorptionmonitored at 280 nm. Comparison of the retention volume of the
species eluting at about 1.3 mL allows to estimate the detergent micelle contribution to
the total molecular weight of the SQR complex. Based on a column calibration
performed in the presence of detergent, the shift in molecular weight corresponds to
approximately 15 kDa. B-C) Single-particle EM shows that SQR puriﬁed in DDM is
monodisperse and stable for months at 4 °C (B), while it forms aggregates within one
day when the detergent is removed (C).3.4. Determination of the oligomeric state
The oligomeric state of SQR in solution was determined by
calibrated size-exclusion chromatography, native PAGE, density-
matched analytical ultracentrifugation, crosslinking and single parti-
cle electron microscopy.
The SQR retention time on a SEC system varies signiﬁcantly in
buffers of different salt concentrations. The highest homogeneity is
obtained in buffers without salt or with 1 M NaCl. Therefore two
calibration curves were calculated in the two conditions. The apparent
MWof SQR determined by SEC is about 120 kDa both in the absence of
salt and in the presence of 1 M NaCl.
Four different protocols were used to determine the apparent
molecular weight of SQR based on its electrophoretic mobility in a
non-denatured state (native PAGE). Interestingly, each experiment
yielded a signiﬁcantly different result. SQR migrates homogeneously
as a sharp band in gel systems run in the absence of detergents (clear
native PAGE), in the presence of DDM (clear native PAGE with
detergent) or in the presence of the combination of DDM and DOC
(high resolution clear native PAGE, [22]). However, it shows
polydispersity on Blue-Native PAGE gels [24]. Additionally, in the
absence of detergent, the protein migrates at an apparent MW
of about 150 kDa, with DDM at about 250 kDa, with DDM and DOC at
70 – 80 kDa and in BN-PAGE gels four bands can be detected at about
50 kDa, 90 kDa, 150 kDa and 280 kDa, respectively (Supporting
Information Figure 2).
Table 2
Kinetic parameters and Michaelis-Menten constants for various substrate analogues.
DecylUQ vmax=0.98±0.09 μmol/mg/sa;
KM=2.16±0.19 μM
UQ1 vmax=3.48±0.29 μmol/mg/sa;
KM=5.40±0.22 μM
UQ4 vmax=0.93±0.16 μmol/mg/sa;
KM=1.6±0.28 μM
UQ9 vmax=1.85±0.15 μmol/mg/sa;
KM=6.43±0.20 μM
Na2S KM=5.94±0.52 μM
Speciﬁc activity at 40 °C 1.19±0.07 μmol/mg/sa
Activation energy 14.08±0.36 kJ/(K•mol)
t1/2 at 80 °C 32 h
IC50 antimycin (in 10 μM decylUQ) 15±2.5 μM
pH optimum 6.5
a The unit indicates micromole of decylubiquinone reduced per milligram of protein
per second.
Fig. 5. Sedimentation velocity analytical ultracentrifugation shows the presence of one
major component (89 %) in the puriﬁed SQR sample, with a sedimentation coefﬁcient
s20=5.52 S.
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shows the formation of SQR oligomers. The largest species that can be
formed corresponds to trimeric SQR (Fig. 4).
SQR was also analysed by analytical ultracentrifugation (AUC).
Sedimentation velocity runs shows that the protein sample is
homogeneous, with one main component (89 % of the sample)
corresponding to a species with s20=5.52 S (Fig. 5). The size of the
protein complex determined by sedimentation equilibrium runs in
different density-matching conditions is 160 kDa (± 10 %).
Finally, negative stain single-particle electron microscopy also
shows that SQR is monodisperse. Self-organising maps from a neural
network analysis show a similar protein shape in buffers without salt
and with 1 MNaCl, respectively, but the protein in the presence of salt
is more compact than in the absence of salt, which correlates with the
different retention factor from the SEC column (see above). The
majority of the particles are composed of three strong electron density
regions. Dimeric and tetrameric particles are also observed, probably
due to the different orientations of SQR on the carbon grid (Fig. 6).Fig. 4. SDS-PAGE gel of SQR treated (+) and untreated (-) with the crosslinker
glutaraldehyde and boiled extensively before gel loading. The highest detectable
oligomeric species for SQR is a trimer.3.5. Characterization of bound ligands
The additionally bound putative sulfur species visible in the
electron density of the SQR structure [7] were investigated by high
resolution full-length ESI-q-TOF mass spectrometry. The puriﬁed
protein solution was separated by analytical HPLC into two fractions,
corresponding to two SQR species. Deconvolution of the spectra
showed that each species displays peak series with 32 Da increments,
corresponding to the atomic weight of sulfur, and at least 4 peaks
were detected for each series (Fig. 7). If the deconvoluted spectra of
the two species are overlapped, the corresponding peak series appear
to be shifted by 16 Da (the atomic weight of oxygen) in respect to one
another. This suggests that a single oxidation occurs to the species
eluting at the largest retention volume, because oxidation is a
common phenomenon during sample ionisization in mass spectrom-
etry [34].
3.6. Crystallization
SQR could be crystallized in two crystal forms by hanging drop
vapour diffusion using a combination of ammonium sulfate and PEG
as precipitating agents [7]. The two crystal forms often appear in the
same crystallization drops. They have a hexagonal, prism shape and a
thin, elongated shape, so they are hereafter referred to as the
“hexagonal” and the “needle” crystals, respectively. The hexagonal
crystals are thick and single, they are approximately 100 – 300 μm big
in all dimensions and grow in about 1 – 3 weeks. They diffract X-rays
to a resolution of 1.5 Å, but are characterized by high mosaicity. The
needle crystals are thin and fragile, are often branched or broken
along their longer axis, reach a size of approximately 10×50×(200 –
1000) μm3 and take longer to grow than the hexagonal crystals (up to
6 weeks). They diffract X-rays to a resolution of 1.8 Å, their diffraction
pattern can be indexed [7], but they are very sensitive to radiation
damage. In order to optimize the crystals and obtain crystals suitable
for structure solution, extensive crystallization screening was neces-
sary (Supporting Information Tables 1 – 4).
4. Discussion
As observed in the crystal structure [7] and in agreement with the
expectation from previous biochemical and bioinformatic investiga-
tion [14], SQR belongs to the class of integral monotopic membrane
proteins (MMPs). In MMPs, the structure of the membrane embedded
region, the degree of protein penetration into the lipid bilayer and the
details of protein-lipid interactions are not conserved [1,35–37].
These features differ even among functionally related monotopic
membrane enzymes that catalyse electron transfer from FAD to
quinones (i.e. SQR, electron-transfer-ﬂavoprotein:quinone oxidore-
ductase, ETF-UQ, and glycerol-3-phosphate dehydrogenase, GlpD) [7].
Fig. 6. Self-organising maps from a neural network analysis of SQR single particles recorded by electron microscopy, at a resolution of 30 Å. The map on the left is produced from the
sample puriﬁed in the absence of salt, while the map on the right from the sample puriﬁed in the presence of 1 M NaCl. The numbers indicate the number of particles corresponding
to each node.
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monotopic topology has comparable consequences on the protein's
behaviour and inﬂuences its biochemical, crystallographic, and
functional studies, as discussed hereafter.4.1. Biochemical studies
Integral MMPs are, like transmembrane proteins (TMPs), amphi-
pathic. However, the electrostatic surface potential distribution in
MMPs and TMPs strongly differs. TMPs consist of two polar regions on
opposite sides separated by a hydrophobic belt. Instead, in MMPs one
face has hydrophilic character and is exposed to the bulk solvent,
while the opposite face is enriched in basic residues and in
hydrophobic patches and binds the membrane in vivo. These
differences have two important consequences on the biochemical
behaviour of MMPs.
First, the choice of the sample buffer – in particular the type and
the concentration of the detergent – is critical to maintain the correct
folding and to prevent aggregation of MMPs. For instance, carnitine
palmitoyltransferase (CPT) strictly requires OG at 1.5x CMC [38,39],
while peptide detergents are the best solubilising agents for GlpD
[40], which loses activity in the absence of amphipathic molecules
[41]. Also SQRs are sensitive to detergents. In this work, we report that
A. aeolicus SQR has a different stability, depending on the detergent
used (see section 3.2), while it had been described elsewhere that in
the puriﬁed form of Acidianus ambivalens SQR the membrane binding
region is structurally disordered [6]. Interestingly, the detergents bind
to MMPs often so speciﬁcally that they can identiﬁed in crystal
structures [7,8,42]. However, they may not solvate these proteins in
the same way as they solvate TMPs. In the latter proteins, a round-
shaped micelle surrounds the hydrophobic region as a belt [43].
Instead, in this work we show (Fig. 3A) that SQRmay be solvated only
by few DDM molecules, contributing only about 15 kDa to the total
size of the solubilized protein complex – and not 50-70 kDa, as
expected for a DDM micelle [44].
Second, the inhomogeneous charge distribution in MMPs is
responsible for their pronounced surface dipolarity (i.e. see thestructures of SQR [7] and GlpD [42]). In A. aeolicus SQR, this property is
associated to the fact that, as a consequence of its binding to the
membrane as a trimer (see later), the SQR complex is oblong [7],
resembling an elliptical disc rather than a globular sphere.
Because of their dipolar surface, their binding to detergent
molecules and – in some cases – their oblong shape, all features
inherent to their membrane topology, MMPs behave in a way that
strongly deviates from standard soluble proteins. In particular, in this
work we show that all biochemical techniques that are affected by
surface charge distribution and shape are biased by the membrane-
bound nature of SQR. This is speciﬁcally true for techniques used to
estimate the molecular weight of the protein, such as size-exclusion
chromatography and native electrophoresis. Instead, techniques
which are least sensitive to protein shape, detergent contribution
and electrostatic effects, such as crosslinking [45], density-matched
analytical ultracentrifugation [28,46] and single-particle electron
microscopy [47,48], clearly show that SQR is trimeric in solution.
Static light scattering, coupled to the measurement of refractive index
and UV absorption [49], and small angle X-ray scattering [50] could be
additional valuable experimental tools to determine the oligomeric
state of MMPs.4.2. Crystallographic studies
The crystallographic behaviour of SQR is also signiﬁcantly affected
by the asymmetry of its surface, and it could not be otherwise, since
crystal contacts form through surface residues. The disordered
detergent molecules, the steric impediment of the detergent micelle
and the non-speciﬁc hydrophobic contacts formed by the membrane-
inserted regions causes difﬁculties for membrane proteins to form
regular three-dimensional arrays. TMPs overcome these problems in
two ways [43,51]. One possibility is that two-dimensional crystals
stack over each other in an orderedmanner (type I membrane protein
crystals). Another possibility is that crystal contacts are formed
exclusively among the polar regions of the protein and that the
hydrophobic cores of the proteins are solvated by the detergent
micelle (type II membrane protein crystals). Considering the
Fig. 7. High resolution full-length easy-nLC-ESI-q-TOF mass spectrum. A) Chromato-
gram of the separation of full-length SQR on the reverse-phase nano-LC column. Two
peaks can be separated, likely corresponding to two species with different oxidation
states, as explained in the text. B) Deconvolution of the spectrum of the ﬁrst eluting
peak. Four species are detectable with a difference of 32 Da in MW, which corresponds
to the atomic mass of sulfur. Such species can either derive from the presence of SQR
monomers harbouring polysulfur chains of different length in solution, or from
fragmentation of the SQR-bound polysulfur during ionisation. At the current
experimental resolution, it cannot be distinguished whether the species at lowest
m/Z value corresponds to SQR with an empty active site or with one sulfur bound.
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crystalline patterns which closely recall those described for TMPs. In
the “type I”MMP crystals, the molecules also form a two-dimensional
array mimicking the disposition over the membrane. However, TMPs
in the type I crystals can form crystal contacts with both their polar
regions on the two sides of the membrane, while MMPs cannot,
because they possess only one polar face. Consequently, each two-
dimensional plane ofMMPs needs to come in contact with an identical
one oriented “upside-down”, so that the hydrophobic surfaces are
facing each other and are excluded from the bulk solvent. This pattern
can then be translated up- and downwards in the third dimension. Itis noteworthy to remark that, in this type I crystalline arrangement,
the two dimensional layers of the protein are alternatively in contact
through polar and non-polar faces. The hydrophobic contacts, which
are generally less speciﬁc, confer fragility and irregularity to the
crystals. Possibly, this is the reason why it has been difﬁcult to obtain
SQR crystals not characterized by high mosaicity (see Supporting
Information Tables 1 – 4). On the other hand, in the “type II” MMP
crystals, the membrane binding domain surrounded by the detergent
is segregated in cavities of the crystal lattice and the contacts between
the protein units are mediated only by the polar faces. Oxidosqualene
cyclase (PDB id.: 1W6K) and prostaglandin H2 synthase 1 (1Q4G)
crystallize in the “type I” form, while fatty acid amide hydrolase
(1MT5), 11-β-hydroxysteroid dehydrogenase (1XSE), cytochrome
P450 (2BDM), prostaglandin H2 synthase 2 (1CVU), apocarotenoid
cleavage oxygenase (2BIX), carnitine acyltransferase (1T7Q), ETF-UQ
(2GMH), GlpD (2QCU) and squalene hopene cyclase (2SQC) form
“type II” crystals. The lattice of SQR needle crystals (Fig. 8) shows that
in one dimension (along the crystallographic y-axis) the molecules
are arranged on two sides of a layer ﬁlled by detergent molecules and
corresponding to a hypothetical membrane plane. These rows of SQR
complexes visible along the y-axis extend to form planes along the x-
axis. Although the detergent-ﬁlled region is not continuous along the
x-axis, it is conﬁned to the core of the planes. Instead, the surface of
the planes is composed on both sides by the hydrophilic portions of
the protein complexes. Finally, the xy planes are repeated in the z
dimension exclusively through polar crystal contacts. This distribu-
tion of the molecules in the SQR lattice is similar to that deﬁned above
for “type I”MMP crystals. It would be curious to study the tendency of
SQR to form two-dimensional crystals by detergent-lipid exchange
and, because of the pronounced polarity of the SQR surface potential,
to test whether crystallization in a stationary magnetic ﬁeld [52]
would improve the speed of crystal growth or the resolution of
diffraction.
4.3. Functional studies
Besides affecting their biochemical and crystallographic behaviour,
the topology of MMPs also needs to be considered when discussing
the functional properties of such proteins for two main reasons.
First, MMPs are particularly sensitive to ionic strength. We
discussed earlier that the position of sulfate ions and their interactions
with protein residues in the SQR 3-D structure is a determinant factor
to describe its membrane insertion, because sulfate mimics the
phosphate head groups of cellular lipids [7]. Here, we show on one
hand that the presence of salt-mediated oligomeric interactions
strongly determines the shape of the protein in solution (section 3.4)
and on the other hand that different salts and salt concentrations affect
the rate of enzymatic activity (section 3.3). In respect to the latter
observation, it is interesting to note that at high salt concentrationswe
observed a decrease in activity, while an increase of activity was
reported previously for the same protein overexpressed in E. coli [33].
Such a discrepancy is not surprising, since it had already beenobserved
that MMPs possess different ionic strength sensitivity depending on
the experimental conditions and on the sample preparation proce-
dures. For instance, GlpD possesses higher activity at high ionic
strength in OG or in the peptergent mixture A6D:A6K, but higher
activity in the absence of NaCl in the peptergent V6D [40].
Second, MMPs have a favourable topology to catalyse reactions
between hydrophobic and hydrophilic substrates [53]. For instance,
membrane binding by SQR, ETF-UQ, and GlpD ensures that these
ﬂavoproteins oxidise soluble substrates, such as sulﬁde, electron-
transfer-ﬂavoprotein and glycerol-3-phosphate, respectively, while
they exclusively reduce hydrophobic quinones – and no other soluble
electron acceptors. This selectivity for quinones confers them their
speciﬁc metabolic role in cellular respiration [7,42,54]. Moreover, the
structure of the membrane inserted region – which generally shapes
Fig. 8. The crystal lattice of SQR. Panel A shows the asymmetric unit of the crystals in the three orientations, indicated by the x-, y- and z-axis, almost parallel to the crystallographic
unit cell axis. It is composed by a dimer of trimers, here represented as ribbons, with each protein chain coloured differently. Panel B shows the disposition of the SQR hexamers along
the y-axis. The protein complexes form a row conﬁning the hydrophobic portion (H) of the structure in between two layers of trimers and exposing the polar regions (P) on the two
sides. The dotted black box indicates one asymmetric unit (see panel A, left). The molecules obtained by symmetry operations are depicted in grey. Panel C shows the disposition of
the SQR complexes in the x- and y- dimensions. The protein complexes form a bidimensional plane. One asymmetric unit is coloured as in panel A, the symmetry-related units are
coloured grey. The dotted black box indicates one row of SQRs in the y-dimension (see panel B, rotated by 90° over the y-axis). Panel D shows the full SQR lattice. The xy-planes
described in panel B (one is indicated here by the dotted black box) are repeated in the z-dimension. Although the detergent-ﬁlled region is not exactly continuous along the x-axis, it
is possible to identify successive layers of polar (P) and hydrophobic (H) regions, as it is deﬁned in the text for “type I” monotopic membrane protein crystals.
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selectivity of MMPs for different substrate analogues. Also this
phenomenon is well exempliﬁed by the ﬂavoproteins SQR, ETF-UQ
and GlpD. In SQR and ETF-UQ, only the quinone head group is inserted
into the binding pocket [7,54], so quinones of different lengths have
similar afﬁnities to these two enzymes (section 3.3 and [55]). On the
contrast, GlpD is more selective for short-alkyl-chain quinones
because its active site is more deeply buried into the protein core
[42]. Finally, and speciﬁcally for SQR, membrane attachment may also
facilitate the release of the water-labile polysulfur product into the
membrane via a non-polar environment [7,17]. In this work, we
provide experimental evidence by mass spectrometry that indeed a
polysulfur species is attached to SQR. At the resolution of our
experimental setup, we were currently able to detect chains of 3-4 S
atoms (section 3.5), while it still remains to be conﬁrmed whether the
ﬁnal product is indeed cyclooctasulfur (S8) as suggested by the
protein electron density map [7]. Towards this aim, reconstitution
into lipid vesicles, transport assays, sulfur K-edge XANES, and 34S NMR
may be useful experimental approaches.
In conclusion, the data presented here support our previous
structural interpretations on A. aeolicus SQR and at the same time they
constitute a reference for the characterization of other monotopic
membrane proteins.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamem.2010.07.033.
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